Study Objectives: Confusional arousals (CA) are characterized by the association of behavioral awakening with persistent slowwave electroencephalographic (EEG) activity during non-rapid eye movement (NREM) sleep-suggesting that sensorimotor areas are "awake" while non-sensorimotor areas are still "asleep." In the present work, we aimed to study the precise temporo-spatial dynamics of EEG changes in cortical areas during CA using intracerebral recordings.
Introduction
Non-rapid eye movement (NREM)-related parasomnias occur in 4% of adults [1] . They encompass various types of behaviors: confusional arousals (CA), sleepwalking and night/sleep terror [2] . These behaviors are also referred to as "dissociated arousals," as sufferers appear to display features of both sleep (e.g. a lack of awareness, retrograde amnesia, and the absence of a response to an external stimulus) and wakefulness (e.g. open eyes, complex motor behavior, and the ability to avoid obstacles) [3] .
Recent advances in the knowledge of the cerebral mechanisms of sleep state regulation have provided keys to understand confusion dissociated arousals (CA) [4] . Sleep is no longer considered to be a global process with abrupt shifts from wakefulness to sleep in a dichotomous, mutually exclusive way, but rather appears to be a potentially heterogeneous state resulting from dynamic interactions between local neuronal networks with variable (and sometimes opposing) activation states [5] [6] [7] [8] [9] [10] [11] . Thus, several EEG studies have reported cortical topographic differences in the spectral power [12] [13] [14] and timing [15] of sleep features in healthy human adults. Furthermore, such a cortical heterogeneity was also observed in stereo-electroencephalographic (sEEG) studies of normal arousals in participants without any history of sleep disorders [11, 16] and has revealed the coexistence of wakelike and sleep-like EEG patterns in different areas of the cortex at the same time. Nobili et al. observed local activation within the motor cortex and simultaneous, deep-sleep EEG patterns in the prefrontal cortex [11] . Peter-Derex et al. observed "local" arousals in small areas of the cortex but which were not systematically associated with detectable arousals on scalp recordings [16] . The mechanisms underlying dissociated arousals in arousal disorders are not fully understood but might involve the local properties of sleep. This hypothesis is based on intracerebral recordings of NREM parasomnia [4, 17, 18] and the single photon emission computed tomography (SPECT) imaging of a single case of sleepwalking [19] . In a study of an epileptic participant with a history of arousal disorders, Terzaghi et al. described the co-occurrence of wake-like activity in the motor and cingulate cortices and enhanced delta activity in the frontoparietal associative cortices during CA [17] . The same research group also reported the co-occurrence during sleep of (1) a transient, abrupt shift to sustained, fast activity in the motor, cingulate, insular, and temporopolar cortices and the amygdala (more pronounced during motor behavioral activities) and (2) slow-wave activity in the frontal and parietal dorsolateral cortices in a 7-year-old child suffering from arousal disorders but not from epilepsy [18] . In another study, a dissociation in brain activity during sleepwalking was captured using SPECT imaging; cerebral blood flow increased in the posterior cingulate cortex (PCC) and cerebellum and decreased in the frontoparietal associative cortex [19] .
These findings have prompted the assumption that arousal disorders may result from a dissociated state in which sleep patterns in some areas of the brain are accompanied by wake patterns in others [3] . Although the results of some scalp EEG studies are in line with this hypothesis (i.e. delta wave activity combined with wake activity in the alpha and beta bands), others studies have reported a particular type of hypersynchronous delta wave activity (HSDA, >150 µV) during somnambulistic episodes that seems different from regular sleep activity [20] [21] [22] .
We hypothesized that arousal disorders correspond to the appearance of specific activity patterns (which are neither wakelike nor sleep-like), rather than the simultaneous occurrence of both sleep and wakefulness in different regions of the brain. The objective of the present study was thus to examine and determine the areas of the brain involved in CA and to assess the precise temporal and spatial dynamics of EEG activity modifications. To this end, we analyzed the intracerebral EEG recordings of five patients admitted to three different sEEG units for drugresistant epilepsy and who had incidentally presented with CA.
Materials and Methods

The study population
Participants with localization-related refractory epilepsy were recruited from three epilepsy units in France (at Lille, Lyon and Nancy university hospitals). The main inclusion criteria were as follows: (1) the availability of intracerebral recordings including at least one epileptic seizure, one CA and data about both sensorimotor and non-sensorimotor areas; (2) a well-defined epileptogenic zone. All the participants had undergone invasive investigations in order to delineate the epileptogenic zone and plan personalized surgical treatment.
Five patients met our inclusion criteria ( Table 1) . The patients' behaviors during epileptic seizures were quite different from those observed during episodes of CA. The investigated brain structures were selected solely on the basis of non-invasive assessments (the patient's clinical history, a neuropsychological assessment, video scalp EEG monitoring, MRI, and [18F]-fluorodeoxyglucose positron emission tomography). No additional electrodes were implanted for the purposes of the present study. Participants gave their informed consent for the research use of their recordings. The present non-interventional study was registered with the French National Data Protection Commission (Commission Nationale de l'Informatique et des Libertés; reference: DEC2015-123).
Data acquisition
The participant's EEG activity was recorded from 117 to 123 deepelectrode contacts, using a sampling rate of 256 (for participants #4 and #5), 512 Hz (for participant #3) or 1024 Hz (for participants #1 and #2). All files were pre-processed with a high-pass filter at 0.53 Hz, a low-pass filter at 100 Hz, a notch filter at 50 Hz, and downsampling at 256 Hz. We also simultaneously recorded (1) surface EEG activity via four scalp electrodes placed over the occipital and central regions, (2) the electrocardiogram via a bipolar lead, (3) the electro-oculogram, and (4) EMG activity via skin surface electrodes. EEG-synchronized video images (including infrared images) were acquired throughout the EEG recording session.
Data collection
CA were defined as episodes of paroxysmal arousal behavior (comprising eye opening, head elevation and staring or looking around) during stage N3 sleep, with more than 15 s of highamplitude delta-band surface EEG activity [2] . Ill-defined events were excluded from the analysis. Arousals associated with or followed by a seizure, a subclinical discharge, or a clear increase in the frequency of interictal epileptiform discharges (greater than 1 Hz for more than 5 s, based on a visual analysis) were also excluded. The event onset was defined as the onset of EMG activity or the onset of arousal on the video (e.g. eye opening).
Forty seconds temporal windows immediately preceding and following the onset of the CA were selected for analyses.
In order to characterize the baseline electrical activity of slow-wave sleep (SWS; considered as the reference activity), we collected several periods of SWS for each participant. Periods with epileptic spikes, awakening or sleep stage changes were excluded, but not those including arousals. These periods either preceded the episode of CA by at least 10 s or occurred in other SWS cycles. For each participant, the reference activity was then reconstituted from various numbers of episodes. For a given participant, a number of SWS periods of the same duration were selected and then averaged, in order to best represent the variety of possible signals during SWS and to take into account homeostatic process. The duration of this reference activity was respectively 1540 s, 2400 s, 600 s, 1800 s, and 1160 s for participants 1 to 5.
Electrode implantation and anatomical location of recording sites
Depth EEG electrodes were stereotactically implanted [23] . Each platinum-iridium electrode (Dixi Medical, Besançon, France) had 5 to 15 contacts (length: 2 mm; intercontact distance: 1.5 mm; diameter: 0.8 mm). The anatomic position was defined by merging a pre-implantation MRI dataset with a post-implantation CT or MRI dataset.
In each participant, contacts were selected in different areas. Contacts located inside lesioned and/or epileptogenic areas were excluded. We studied signals from the following areas of the brain: the precentral gyrus (PrG), post-central gyrus (PoG), supplementary motor area (SMA), dorsolateral premotor cortex (DLPMC), dorsolateral prefrontal cortex (DLPFC), superior parietal lobule (SPL) and inferior parietal lobules (IPL), medial parietal cortex, anterior cingulate cortex (ACC), midcingulate cortex, PCC, insular cortex, amygdala, hippocampus, lateral temporal cortex, cuneus, and medial pulvinar nucleus of the thalamus.
The stereotactic coordinates of each participant's cortical contacts were normalized in Montreal Neurological Institute (MNI) space (Figure 1 ).
Signal analysis
Time-frequency power maps
For each participant, we selected 12 to 20 bipolar channels between adjacent contacts. A time-frequency (TF) analysis of sEEG signals was performed for each 80-s epoch using the Morlet wavelet transform routine in MATLAB toolbox EEGLAB [24] (frequency resolution: 200 steps in a logarithmic scale between 0.5 and 30 Hz; time resolution: 100 ms). In a first step, the average activity was computed for each participant. Once participants had presented several dissociated arousals, TF maps of all the CAs were averaged to obtain individually averaged TF maps displaying power spectra. Twelve TF power maps were averaged for participant #1, two were averaged for participant #3, and three were averaged for participant #5. Only one TF map was available for participants #2 and #4.
Intersubject z-score maps
In a second step, to provide a general view of the significant changes in electrical activity over the cortex, we computed an intersubject z-score of the maps from the five participants after normalization against an SWS reference. More precisely, the TF power maps of the SWS in each participant were first computed. Next, the TF data (from both the CA and the SWS) were first log-transformed so that the distribution of the SWS signal power data was approximately Gaussian. Using the SWS maps for each participant, the mean and SD were computed for each frequency. The CA maps were then centered and reduced by the mean and the SD, in order to obtain CA z-score maps. An individual z-score map was then obtained by summing the CA maps and dividing by number of CAs for each participant.
Lastly, an intersubject z-score map ( Figure 4 ) was obtained by pooling the data from leads that were located in same areas (as defined in Table 1 ). Data were summed and divided by number of subjects. z-score values below 2 were considered to be nonsignificant and were not represented on the map. This process ensured that each participant had the same influence on the intersubject z-score map, even when he/she had fewer episodes of CA. 
Quantification of relevant changes in activity
Since the raw amplitude of the intracerebral signal differed markedly from one contact to another, we computed the ratio between the value of each pixel in a CA TF-map and the mean value during SWS for each frequency step. These ratios were then averaged for each participant and for the five participants as a group. This processing step allowed us to quantify the changes in activity more accurately than the z-scores did.
Statistical analysis
In order to detect any statistically significant changes in power during CA, the electrical activity before, during and after the episode was compared with the baseline reference activity (SWS) for each participant. We down-sampled the TF power maps (CA and SWS) into 100 frequency steps on the Y-axis and 200 ms time intervals on the X-axis. Next, we log-transformed the TF power maps for each episode of CA and each period of SWS. For each pixel, the set of values of each episode of CA was compared with the values for the SWS reference using a Z-test. P-value maps were thus obtained (for more details on statistical analysis, see Supplementary Methods).
For each participant, the results were corrected (or not) for false positive pixels, as follows: (1) no correction, where up to 5% of the pixels are false positives; (2) false discovery rate (FDR) correction: up to 5% of "apparently activated" pixels (in red) and up to 5% of "apparently deactivated" pixels (in blue) are false positives; (3) Bonferroni correction, where the risk of a false positive pixel is below 5% for the entire image.
This unusual approach was justified by the intersubject differences in the number of CA. The three correction procedures provided additional information about the significant changes for each participant. If many CA episodes were available for a given participant, the use of Bonferroni's correction accurately reflected the changes. However, if a participant only had a few episodes of CA, Bonferroni's correction was too restrictive. Application of the three types of correction gave a better idea of the significance of the results, by monitoring the number of false-positive pixels. (Supplementary Figures S1 to S5 ).
Results
Description of data
When considering the five participants, a total of 150 different leads were selected. This enabled bipolar recording of EEG activity in 31 brain regions: 30 cortical areas and the pulvinar nucleus; Figure 1 , Table 1 ). Nineteen episodes of CA met our criteria (12 in participant #1, one in participant #2, two in participant #3, one in participant #4 and three in participant #5) (for the description of CA, see Supplementary Table S1 ). None of the episodes of CA occurred in a context of sleep deprivation. Five episodes of CA were almost certainly triggered by noise and three were possibly triggered by noise (noise made by the accompanying person or noise in adjacent rooms or the corridor). Although an episode's onset was always easy to detect, the end was not clearly delineated by the EMG activity and/or the video recording because CA were often followed by "normal" awakening. Hence, we chose to describe only the events that occurred in the first 15 s of the CA.
A clear change in the raw EEG signal was seen for all participants during the CA The most visually obvious change was the simultaneous occurrence of intense rhythmic delta activity in some areas and an acceleration of the background activity in others (see Figure 2 for a representative example from participant #1). The TF analysis confirmed the visual interpretation (Figure 3) . Individual TF maps with statistically significant values are displayed in Supplementary Figures S1 to S5, and individual averaged TF maps (expressed in absolute power values) are displayed in Supplementary Figures S6 to S10 . Intersubject-averaged, normalized maps for the five participants as a whole are shown in Figure 4 .
Three periods of change in the cortical electrical activity were observed (Figure 3) 
Before arousal
Before arousal, an increase in low delta band activity (<1 Hz, for most of the time) was occasionally observed in some areas in the few seconds preceding the CA. Although this increase was not statistically significant when all the episodes of CA in all the participants were pooled, it was relevant in the individual maps (Supplementary Figures S1 to S5) . Detailed results are presented in Table 2 . This initial delta burst was essentially recorded in the frontal lobe (especially the SMA, ACC, and the DLPMC) and the different parts of the operculum.
From the moment
From the moment of behavioral arousal onwards, a complex change in brain EEG activity was observed (Figure 4) , although it did The onset is defined as the time at which the first z-score >2 is observed. The amplitude corresponds to the power ratio's highest value. The greatest amplitudes were observed in the precentral operculum and the SMA not always have the same characteristics in different episodes of CA in a given participant. The change was usually predominant in the very low delta band (<1 Hz) but concerned all the frequency bands studied in some areas of the brain (the DLPMC, DLPFC, orbitofrontal cortex, precentral operculum, precuneus, and insular cortex).
After arousal
In the 5 s following behavioral arousal, a drastic change in EEG signal was observed in all studied areas (other than the occipital lobe and the gyrus rectus). Three different patterns were simultaneously observed (Figure 4 and Supplementary Figures S6 to S10):
-First, a significant and synchronous decrease in the very low frequencies (<1 Hz) involving all regions other than the orbitofrontal cortex, gyrus rectus, postcentral operculum, amygdala, and occipital lobe. -Secondly, a HSDA in a narrow frequency band. This monomorphic activity was quite different (in terms of frequency and morphology) from delta activity of SWS, and from the high voltage delta activity preceding the arousal. The frequency was the same for all episodes of CA in a given participant but varied slightly from one participant to another: 1.5 Hz for participants #1, #3 and #4, 1.4 Hz for participant #2, and 1.1 Hz for participant #5. Figure 4 shows an increase in activity at double or triple the fundamental frequency, corresponding to a harmonic phenomenon (also seen on Supplementary Figures S1 to S5). The HSDA's characteristics are detailed in Table 3 .
In the frontal lobe, HSDA occurred in all parts of the inferior frontal gyrus (primarily in the opercular area) and in the ACC. In the parietal lobe, HSDA was observed not only in the SPL, in the IPL and in the precuneus but also (to a lesser extent) in the PCC and in the post-central gyrus. In the temporal lobe, HSDA was mainly observed in the middle temporal gyrus (mTG) and less frequently in the superior temporal gyrus (in one of the three participants) and the hippocampus (in 7 of the 13 episodes of CA). It is noteworthy that HSDA was associated with the persistence of hippocampal spindles in three cases. HSDA was occasionally observed in the pulvinar nucleus (in two of the three episodes of CA recorded in participant #5 (Supplementary Figure S10) but not at all in participant 4). The HSDA in the pulvinar nucleus had the same frequency peak as in cortical areas (1.1 Hz) but occurred later and more transiently. HSDA was not observed in all areas of the brain studied here: it was absent from the gyrus rectus, DLPMC, PrG, midcingulate cortex, the central and parietal parts of the opercular cortex, the insula, and the occipital lobe. Although HSDA was observed in all the CA, the degree of spatial spreading varied from one CA to another. HSDA was observed consistently in the different parts of the iFG, most of the time in the posterior parietal cortex, and inconsistently in the temporal lobe ( Figure 5) . Furthermore, the duration of the HSDA varied from one area to another (from 12 to 25 s). The longest durations were observed in the inferior frontal gyrus and the ACC. Some cortical areas displayed both "slow" and "fast" activities during CA: the DLPFC, orbitofrontal cortex, precuneus, SPL, postcentral gyrus, and mTG. No seizure-like, low-voltage fast activities were recorded in any of the areas. Significant changes in electrical activity were observed in all structures other than the gyrus rectus and the occipital lobe; however, the later areas were recorded in one participant only.
Discussion
Summary of the results
Episodes of CA were associated with changes in EEG activity in all studied areas of the brain, with the exception of the occipital lobe and the gyrus rectus. The changes varied from one area to another but could be divided into distinct three time-windows. First, an increase in delta activity was "inconstantly" observed in the 10 s before motor behavior; "when present," it predominantly affected frontal regions (especially the SMA, DLPMC and ACC), the opercular cortex and temporal regions. Secondly, a complex, widespread increase in activity in all frequency bands (albeit predominantly at very low frequencies) was observed in the frontal lobes, cingulate cortex, insular cortex, and precuneus at the start of the motor behavior. A few seconds later, very low frequency (<1 Hz) activities ceased in almost all regions of the brain; at the same time, HSDA in a narrow frequency band (around 1-1.5 Hz) appeared in a broad network involving the medial cortex (especially the ACC and PCC) and the lateral cortex (the inferior frontal gyrus, parietal cortex, and lateral The onset of the HSDA is defined as the time at which the first z-score >2 is observed. The amplitude corresponds to the power ratio's highest value. The greatest amplitudes were observed in the inferior frontal gyrus. iFGpt: inferior Frontal Gyrus, pars triangularis; OFC: orbito-frontal cortex.
temporal). This HSDA was most intense and occurred very early in the inferior frontal gyrus (particularly in the opercular part). At the same time, faster activities (in the alpha and beta bands) occurred not only in sensorimotor areas (the primary sensorimotor areas, premotor cortex, and posterior parietal cortex) but also in the orbitofrontal (medial and lateral) cortex and the lateral temporal cortex.
Overall "activation"
The first main finding of the present study was the clear, rapid change in electrical activity in all areas (except the occipital lobe and the gyrus rectus) at the onset of CA. The wake-like activity (i.e. fast theta-/alpha-/beta-band activity) has already been observed in the raw data from intracerebral recordings in two participants [17, 18] . With regard to this activity's location, our results are in line with the literature data with the exception of the cingulate cortex. Although Terzaghi et al. described wake-like activity in the cingulate cortex, we only observed this feature in the midcingulate cortex (part of the sensorimotor system) whereas the ACC and PCC displayed delta activity. Moreover, we found that some other non-sensorimotor areas (e.g. the precuneus, the dorsal prefrontal cortex, and the orbitofrontal cortex) displayed both HSDA and higher-frequency rhythms simultaneously on a same electrode contact-suggesting that these areas simultaneously "woke up" and initiated a peculiar type of delta activity. These slight discrepancies may suggest that CA are not stereotyped and that the extension and the degree of activation is likely to vary from one participant to another and, in the same participant, from an episode to another.
The progression of arousal
In sleepwalking participants, "dissociated" arousal can be triggered by an auditory stimulus [25] , a paroxysmal activity [26] , a respiratory event [27] , or abnormal deglutition [28] during SWS. In some of our patients, the initial burst of slow waves preceding arousal had a clear external trigger. Such a delta burst during SWS has also been described in intracerebral EEG studies just before both dissociated and normal arousals [11, 16] . Our work provides precise information on the topographic features of the delta burst, which involve the SMA, ACC, operculum, DLPFC, DLPMC, and temporal regions. The ACC and DLPFC are known to be involved in phasic alertness [29] , and the pre-SMA is known to be involved in warning-related activation [30] . Delta burst may represent the cortex's reaction mode during SWS [31] , whereas stimulations induce a vertex spike in stage N1 sleep and a K-complex in stage N2 sleep [32] . Hence, we could hypothesize that the delta burst observed before CA corresponds to normal activation before an arousal, and that the "dissociated arousal" starts later (with the appearance of HSDA rather than normal awakening or a return to sleep).
Is HSDA a specific pattern?
In participants with arousal disorders, HSDA has been previously reported in conventional surface EEG recordings [21, 22] as a high-voltage, low-frequency delta-wave activity during dissociated arousal [33, 34] . Two studies of experimentally-induced episodes of sleepwalking in children found the same EEG pattern, associated with diffuse nonreactive alpha rhythms or mixed patterns of low-voltage delta and beta activity [35, 36] . One can legitimately hold that the HSDA observed in the present intracerebral EEG recordings corresponds to the delta pattern described in surface EEG studies. This rhythm has particular morphologic and frequency features and differs from both the delta burst recorded before arousal and from N3 delta activity. Hence, we hypothesize that HSDA corresponds to a specific change in brain activity associated with a particular state. Furthermore, HSDA in a given individual is characterized by a very reproducible frequency within a narrow range (1 to 1.5 Hz). This result is consistent with the "EEG fingerprint" concept that Buckelmüller et al. introduced for normal sleep in humans [37] .
Several studies have shown that HSDA is most prominent in bilateral anterior regions during the first 10 s of most episodes of dissociated arousal [21, 33, 34, 38] . In intracranial studies, HSDA has been described in both the frontal and parietal dorsolateral cortices [4, 17, 18] . Here, we were able to accurately determine the HSDA's spatial distribution, which included not only the frontoparietal lateral cortex but also the medial cortex (especially the ACC and PCC) and the lateral temporal cortex. The HSDA predominated in the inferior frontal gyrus, and especially in the latter's orbitofrontal and opercular parts. It is noteworthy that most of these cortical areas (the temporoparietal lateral cortex, the prefrontal cortex, and the precuneus) belong to the default mode network [39, 40] whose activity has been correlated with the degree of consciousness in altered states of consciousness [41, 42] . HSDA may be related to the pattern observed during complex partial seizures (especially in the temporal lobe), generalized, tonic-clonic seizures [43] and absence seizures [44] . It has been reported that neocortical, frontoparietal slow-wave activity is associated with impaired responsiveness during partial seizures [45] and with decreased cortical blood flow during both seizures [43] and dissociated arousals [19] . The systematic, predominant involvement of the inferior frontal gyrus (including the orbitofrontal cortex and especially the pars opercularis) is particularly striking. Recently, a link between (1) slow-wave activity the orbitofrontal cortex, (2) reduced cortical cholinergic transmission, and (3) altered consciousness during seizures has been reported [46, 47] . Interesting, epileptic seizures and dissociated arousals may have close EEG patterns, and a link between these two pathologies has already been suggested [26, 48] . Moreover, parasomnia is known to be more frequent in families with nocturnal frontal lobe epilepsy [49] , which suggests an intrinsic link. The occurrence of seizures during sleep in individuals with nocturnal frontal lobe epilepsy might be linked to alterations of cortical cholinergic transmission caused by mutations in genes coding for subunits of the neuronal nicotinic receptor [50] . Our widespread exploration of both hemispheres did not evidence any fast, seizure-like activities during episodes of CA. However, we could hypothesize that dysfunction of the brainstem arousal system causes a reduction in cortical cholinergic transmission and in slow-wave activity in the inferior frontal gyrus, which leads to an altered state of consciousness. It is not clear which subcortical structures are involved. The presence of HSDA in the pulvinar nucleus means that the corticothalamic loops were involved in this phase. However, the variable, delayed nature of this activity (which is not surprising, given that the pulvinar nucleus is one of the associative thalamic nuclei) makes this structure a poor candidate for driving this activity across the network as a whole.
The HSDA is not specific to confusional or sleepwalking episodes, and has already been described in other situations, such as hypnagogic hypersynchrony in children. Such hypnagogic hypersynchrony appears more often in children with learning disabilities than in children without [51] , and has also been described in comatose patients responding to either auditory and/or tactile stimuli [52] . Moreover, participants with no clinical history of parasomnia can experience HSDA-associated arousals in stage N3 sleep-especially if they have frequent respiratory-related arousals during sleep. High SWS pressure following sleep fragmentation is believed to be responsible for this particular EEG pattern [27] . As previously suggested, this activity might correspond to a deepening of sleep [53] or to arousal reactions and processes [54] [55] [56] [57] . A mixture of these two hypotheses is also possible; HSDA might reflect the combination of a reaction to a stimulus with an attempt to maintain the continuity of sleep [17, 54, 55, 57, 58] . The cingulate cortex is involved in the genesis of complex motor behaviors [59] , and is thought to be under the inhibitory control of the associative cortices [60] . As previously suggested, the loss of the frontoparietal cortices' inhibitory function and the activation of the motor and cingulate cortices might explain the appearance of innate, complex motor patterns [61] .
Limitations
A limitation of the present study lies in the small number of participants and the not exhaustive spatial sampling. Some regions of the brain (the occipital lobe and subcortical structures, for instance) were not extensively recorded. These limitations are related to the sEEG methodology. In fact, the indication for sEEG is reserved for patients with drug-resistant epilepsy scheduled for surgery. Therefore, the number of patients with sEEG recordings and presenting with dissociated arousals is very small. Raw recordings of only two episodes of dissociated arousals in two participants have been reported in two papers yet [17, 18] . Here, 19 episodes of CA were recorded in five participants, with widespread cortical exploration and robust signal processing, providing a general overview of cortical activity changes during CA. It is possible that epilepsy had an impact on our observations. However, we took care to exclude all the lesioned and/ or epileptogenic zones, and arousals triggered by or associated with an increase in epileptiform discharges. Moreover, the HSDA described in our study is often observed in participants without epilepsy. We can only hypothesize that epilepsy is associated with more frequent abnormal synchronization, leading to the more frequent occurrence of dissociated arousals in participants with epilepsy [49] . However, our results do not enable us to draw firm conclusions in this respect.
Lastly, as observed in several studies [21, 22] , diffuse, rhythmic, synchronous delta activity is more likely to accompany simple sleepwalking episodes than complex ones. In the present study, we only recorded "simple" episodes of CA (rather than complex behavioral episodes) and thus were not able to extend our observations to other types of dissociated arousal [62] . Accordingly, intracranial recordings of participants with complex sleepwalking behavior and night terror would be of value in testing the hypothesis generated by our present findings.
Conclusion
The present study provides an accurate analysis of intracerebral EEG activity occurring during episodes of CA. A rapid change in electrical activity associated with confusional behavior was observed in most of the studied cortical areas, with the cessation of very-low-frequency activities (suggesting an "awakening") in most cortical areas, and the persistence of sleep activity in some structures only (the hippocampus, e.g. in some episodes of CA). Moreover, we observed a peculiar, hypersynchronous, rhythmic (1-1.5 Hz) activity in a broad frontoparietal cortical network, which is fundamental for the appearance of consciousness. The involvement of these areas in HSDA might explain the altered state of consciousness experienced by patients during CA. The spatial heterogeneity of HSDA (sometimes from one episode to another in a given participant) might reflect the diversity of behaviors and the different levels of consciousness and memory that have been reported in N-REM parasomnia.
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